To investigate the consequences of hybridization between species, we studied three replicate hybrid populations that formed naturally between two swordtail fish species, estimating their fine-scale genetic map and inferring ancestry along the genomes of 690 individuals. In all three populations, ancestry from the "minor" parental species is more common in regions of high recombination and where there is linkage to fewer putative targets of selection. The same patterns are apparent in a reanalysis of human and archaic admixture. These results support models in which ancestry from the minor parental species is more likely to persist when rapidly uncoupled from alleles that are deleterious in hybrids. Our analyses further indicate that selection on swordtail hybrids stems predominantly from deleterious combinations of epistatically interacting alleles. U nderstanding speciation is central to understanding evolution, but so much about the process still puzzles us. Foundational work in evolutionary biology envisioned speciation as an ordered process in which reproductive barriers, once established, prevent gene flow between species (1). We now realize, however, that speciation is much more dynamic, with evidence of historical and ongoing hybridization visible in the genomes of myriad species (2-5). The ubiquity of hybridization raises the question of how species that interbreed remain distinct.
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To investigate the consequences of hybridization between species, we studied three replicate hybrid populations that formed naturally between two swordtail fish species, estimating their fine-scale genetic map and inferring ancestry along the genomes of 690 individuals. In all three populations, ancestry from the "minor" parental species is more common in regions of high recombination and where there is linkage to fewer putative targets of selection. The same patterns are apparent in a reanalysis of human and archaic admixture. These results support models in which ancestry from the minor parental species is more likely to persist when rapidly uncoupled from alleles that are deleterious in hybrids. Our analyses further indicate that selection on swordtail hybrids stems predominantly from deleterious combinations of epistatically interacting alleles.
U nderstanding speciation is central to understanding evolution, but so much about the process still puzzles us. Foundational work in evolutionary biology envisioned speciation as an ordered process in which reproductive barriers, once established, prevent gene flow between species (1). We now realize, however, that speciation is much more dynamic, with evidence of historical and ongoing hybridization visible in the genomes of myriad species (2) (3) (4) (5) . The ubiquity of hybridization raises the question of how species that interbreed remain distinct.
At least part of the answer lies in widespread selection on hybrid genomes (1) . Analyses of hominin and swordtail fish hybrids indicate that ancestry from the "minor" parent species (the parent that contributed less to the gene pool of hybrids) is decreased near functionally important elements (4, 6, 7) , presumably because such regions are enriched for harmful alleles. Aside from these observations, however, little is known about how hybrid genomes evolve. Decades of experimental work have demonstrated that Bateson-Dobzhansky-Muller incompatibilities (BDMIs) are a central mechanism underlying reproductive isolation once species are formed (8) (9) (10) , but the importance of BDMIs in the evolution of hybrid genomes remains unknown, as does the role of other modes of selection. When there is introgression from a species with a smaller effective population size, hybrids may suffer from increased genetic load ("hybridization load") due to the introduction of weakly deleterious alleles (6, 11, 12) . Depending on the environment in which hybrids find themselves, alleles that underlie ecological adaptations in the parental species may also be deleterious (13, 14) . Complicating matters further, the sources of selection on hybrids will likely vary from system to system, depending on the extent of genetic and ecological differentiation between the parental species as well as the differences in their effective population sizes.
Regardless of the source of selection, however, one feature is expected to play a central role in mediating its effects: variation in recombination rates along the genome (6, 11, (15) (16) (17) . In models of BDMIs, neutral ancestry from the minor parent is more likely to persist in regions of higher recombination, where it is more rapidly uncoupled from mutations deleterious in the prevalent (major parent) genetic background (Fig. 1,  A and B) (17) . Similarly, in models of hybridization load, all else being equal, shorter linkage blocks tend to carry fewer weakly deleterious mutations and thus be less rapidly purged by selection ( fig. S1) (6, 11) . Previous studies have reported patterns consistent with these expectations (18) (19) (20) but without investigating ancestry patterns and their relationship to local recombination rates, distinguishing among selection in the parental or hybrid lineages, or determining the major sources of selection in hybrid populations.
To address these issues, we took advantage of naturally occurring hybrid populations between sister species of swordtail fish, Xiphophorus birchmanni and X. malinche (Fig. 1, C to E) (21) . The species are~0.5% divergent at the nucleotide level, and because of the small effective population size of X. malinche, incomplete lineage sorting between the two is relatively rare (Fig. 1F ) (21) . We focused on three hybrid populations that formed independently between the two species fewer than 100 generations ago (22) . Previous analyses of hybrids between these species suggested that there are~100 unlinked BDMI pairs segregating, with estimated selection coefficients of~0.02 to 0.05, in addition to which there could also be linked BDMIs (22, 23) .
To infer local ancestry patterns, we generated 1× coverage whole-genome data for 690 hybrids sampled from the three hybrid populations and then estimated local ancestry patterns by applying a hidden Markov model to~1 million sites genome-wide (21, 24) . Two of the hybrid populations derive on average 75 to 80% of their genomes from X. birchmanni, whereas individuals in the third population derive on average 72% of their genomes from X. malinche ( Fig. 1E ) (21) , with median homozygous tract lengths for the minor parent ranging from 84 to 225 kb across the three populations (21) .
Our previous work (25) indicated that local recombination rates should be conserved between X. birchmanni and X. malinche (21) . To consider the relationship between local ancestry and recombination rate, we inferred a fine-scale genetic map for X. birchmanni from patterns of linkage disequilibrium (table S1) (21) . We also generated a crossover map from ancestry switch points in hybrids, which was concordant with the one obtained for X. birchmanni ( fig. S2) (21) .
In all three hybrid populations, the probability of carrying ancestry from the minor parent increases with the local recombination rate ( Fig. 2 and table S2 ). The relationship remains, irrespective of the choice of scale ( fig. S3 ) and after thinning of the single-nucleotide polymorphism and ancestry data so as to control for possible differences in the reliability of estimated recombination rates or the power to call ancestry across windows (21) . This pattern is not expected under neutrality ( fig. S1 ) but can readily be generated under several models of selection, including selection against BDMIs or hybridization load or widespread ecological selection against loci from the minor parent (Fig. 1B and fig. S1 ). Thus, our finding supports models in which minor parent ancestry persists where it was more likely to have been rapidly uncoupled from the deleterious alleles with which it was originally linked (21) .
In principle, the chance of minor parent ancestry persisting should be a function of the exact number of deleterious alleles to which it was linked since hybridization occurred. Local recombination rates are one proxy for this (unknown) parameter, as is the number of coding or conserved base pairs nearby. Both features predict average minor parent ancestry (figs. S4 and S5) (21) , but in our data, recombination is the stronger predictor and remains similarly strong after controlling for the number of coding (or conserved) base pairs (tables S2 and S3).
To investigate the mode of selection on hybrids, we considered correlations in local ancestry between pairs of hybrid populations: Though weaker between populations with different major parent ancestries, the correlation was in all cases significantly positive (with the recombination rate controlled for) (Fig. 3, A and B) . These correlation patterns should not arise from ecological selection but are expected from selection against hybridization load as well as, less intuitively, from selection on the same BDMIs ( fig. S6) (21) .
Further evidence about the mode of selection comes from an analysis of genome sequences from X. malinche (3, 22) and X. birchmanni, which indicates that X. malinche has had a smaller long-term effective population size over the last~20,000 generations (Fig. 1F) (21) , as reflected in its four times lower heterozygosity (0.03% versus 0.12% per base pair). Accordingly, the X. malinche genome carries significantly more derived putatively deleterious alleles (a 2.5% excess) than that of X. birchmanni (21, 26) . As a result of this difference, the three hybrid populations of swordtail fish provide an informative contrast: Whereas BDMIs should lead to selection against minor parent ancestry in all three populations, hybridization load should favor the major parent in the first two populations (Totonicapa and Aguazarca) and the minor parent in the third (Tlatemaco) (Figs. 1E  and 3C ). That minor parent ancestry also increases with recombination in the Tlatemaco population (Fig. 2) incompatibilities are the dominant source of selection, rather than hybridization load (Fig. 3C  and fig. S7 ) (21) . In principle, ecological selection favoring the major parent could also produce a positive correlation between recombination and minor parent ancestry (but not positive correlations in ancestry between populations) (Fig. 3, A  and B) . However, this explanation would require two of the hybrid populations to occur in more X. birchmanni-like environments and one in a more X. malinche-like environment, when available evidence suggests otherwise (Fig. 1D) (21) .
Furthermore, in all populations, minor parent ancestry is unusually low near previously mapped putative BDMIs (22, 23) . Lower minor parent ancestry does not result from the approach used to identify BDMIs (21, 22) but is expected from selection on epistatically interacting alleles (Fig. 3D) Schumer et al., Science 360, 656-660 (2018) 11 May 2018
3 of 4 (21). Together, these lines of evidence indicate that BDMIs are the predominant-though not necessarily sole-source of selection filtering minor parent ancestry in these three swordtail hybrid populations (Fig. 3C) .
To explore the generality of these relationships, we considered admixture between humans and archaic hominins. Several studies have reported that Neandertal ancestry tends to decrease with the number of linked coding base pairs and with a measure of purifying selection at linked sites (4, 6, 11) , patterns for which both BDMIs and hybridization load-in part because of the smaller effective population size of Neandertals (27)-have been proposed as explanations (4, 6, 11) . Reanalyzing the data, we found that the proportion of Neandertal ancestry decreases in regions of the human genome with lower recombination rates (Fig. 2 and tables S2 and S4) . This relationship is seen by using three different approaches to infer Neandertal ancestry (table  S2 ) and is not explained by variation in power to identify introgression or the number of coding base pairs nearby (table S2) (21) . Repeating these analyses for Denisovan ancestry, we obtained the same pattern ( Fig. 2 and table S2 ) (21) .
As with the persistence of minor parent ancestry in swordtails, the persistence of archaic hominin ancestry in regions of higher recombination is not expected under neutrality (fig. S1 ). However, our conclusion about the source of selection reached for swordtails need not hold for hominins-a priori, because modern humans were less diverged from Neandertals and Denisovans when they interbred (28) , and because plausible models of hybridization load have been shown to provide a good fit to the distribution of Neandertal ancestry in the human genome (6) .
Thus, minor parent ancestry is predicted by the local recombination rate across three replicate admixture events in swordtails, as well as in two cases of admixture in hominins. Together with earlier indications in other species (18) (19) (20) , our findings show the distribution of minor parent ancestry to be at least in part predictable from genomic features. Knowledge of local recombination should therefore provide a guide to where in the genome minor parent ancestry is expected to be highest. In hominins, meiotic recombination is directed to the genome by binding of the PRDM9 gene; in swordtails, meiotic recombination is not and tends to occur near promoter-like features (21, 25) . Accordingly, minor parent ancestry is higher around promoter-like features in swordtails but not in humans (Fig. 4) (21) . Thus, the mechanism by which recombination is directed to the genome affects the distribution of minor parent ancestry.
One implication is that the reliance on PRDM9 to direct recombination may affect reproductive isolation between species not only directly [as in mice (29) ] but also indirectly. For example, if epistatic interactions often occur between regulatory and coding regions, hybrids with recombination concentrated in promoter-like regions may experience greater negative selection due to BDMIs but more opportunities for adaptive introgression. As genomic data accumulate for hybridizing species across the tree of life, the consequences of recombination mechanisms for the fate of hybrids can be evaluated systematically. 
